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ABSTRACT 
S t u d i e s  have shown t h a t  use o f  s o l a r  dynamic 
( S D )  power for t h e  g r o w t h  e r a s  o f  t h e  Space S t a t i o n  
Freedom program w i l l  r e s u l t  i n  l i f e  c y c l e  c o s t  sav- 
i n g s  o f  9 3  t o  $4 b i l l i o n  when compared t o  power 
s u p p l i e d  b y  p h o t o v o l t a i c  s o u r c e s .  
I n  t h e  SD power module,  a c o n c e n t r a t o r  c o l -  
l e c t s  and f o c u s e s  s o l a r  e n e r g y  i n t o  a h e a t  r e c e i v e r  
w h i c h  has i n t e g r a l  t h e r m a l  energy  s t o r a g e .  A power 
c o n v e r s i o n  u n i t  (PCU) based on t h e  c l o s e d  B r a y t o n  
thermodynamic c y c l e  removes t h e r m a l  energy  f r o m  
t h e  r e c e i v e r  and c o n v e r t s  t h a t  energy  t o  e l e c t r i -  
c a l  e n e r g y .  S i n c e  t h e  c l o s e d  B r a y t o n  c y c l e  i s  a 
s i n g l e  phase gas c y c l e ,  t h e  c o n v e r s i o n  hardware  
( h e a t  exchangers ,  t u r b i n e ,  compressor ,  e t c . )  can 
be d e s i g n e d  f o r  o p e r a t i o n  i n  low E a r t h  o r b i t ,  and 
t e s t e d  w i t h  c o n f i d e n c e  i n  t e s t  f a c i l i t i e s  on E a r t h  
b e f o r e  l a u n c h  i n t o  space.  
and t h e  r e c e i v e r / P C U / r a d i a t o r  c o m b i n a t i o n  c o m p l e t e l y  
assembled and charged w i t h  gas and c o o l i n g  l i q u i d  on  
E a r t h  b e f o r e  l a u n c h  t o ,  and assembly on  o r b i t .  
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The c o n c e n t r a t o r  subassembl ies  w i l l  be a l i g n e d  
INTRODUCTION 
Power for  t h e  manned base o f  Freedom w i l l  be 
s u p p l i e d  from two S o l a r  Power Elements ( S P E ' s ) .  
One SPE w i l l  be l o c a t e d  o n  t h e  port s i d e  o f  t h e  
t r a n s v e r s e  boom o f  t h e  manned base and t h e  o t h e r  on  
t h e  s t a r b o a r d  s i d e ,  each j o i n e d  t o  t h e  c e n t r a l  p a r t  
o f  t h e  t r a n s v e r s e  boom by  a s i n g l e  degree-o f - f reedom 
r o t a t i o n a l  g i m b a l  ( a l p h a  g i m b a l s ) .  I n i t i a l l y ,  t h e  
SPE's on  Freedom w i l l  s u p p l y  a t o t a l  o f  75 kW o f  
e l e c t r i c  power u s i n g  p h o t o v o l t a i c  ( P V )  power sources  
as shown i n  F i g .  1 .  A s  Freedom e v o l v e s  and grows,  
i n c r e a s e d  power needs w i l l  be s a t i s f i e d  b y  t h e  a d d i -  
t i o n  o f  S o l a r  Dynamic ( S D )  power modules a t  t h e  o u t -  
b o a r d  ends o f  t h e  i n i t i a l  SPE's as shown a l s o  i n  
F i g .  1 .  Each s e t  o f  SD hardware  w i l l  add 25 kW o f  
power t o  t h e  manned base.  
i n c r e m e n t ,  w h i c h  i s  e x p e c t e d  t o  be 50 kW, one SD 
power module w i l l  be added on  each s i d e  o f  t h e  
manned base.  The e v o l u t i o n  o f  Freedom i s  e x p e c t e d  
t o  r e q u i r e  power c a p a b i l i t y  g r o w t h  t o  a b o u t  300 kW 
t o t a l .  
There a r e  two p r i m a r y  r e a s o n s  f o r  t h e  i n t e r e s t  
i n  t h e  s o l a r  dynamic sys tem as t h e  s o u r c e  o f  g r o w t h  
F o r  t h e  f i r s t  g r o w t h  
FIGURE 1. - SPACE STATION FREEDOPI. 
power.  A PV/SD h y b r i d  system o f f e r s  t h e  f l e x i b i l -  
i t y  o f  a power sys tem w i t h  two t y p e s  o f  s o u r c e s ,  
t h u s  a s s u r i n g  an u n i n t e r r u p t e d  s u p p l y  o f  power i n  
t h e  u n l i k e l y  e v e n t  o f  a m a j o r  o r  s y s t e m a t i c  f a i l u r e  
i n  e i t h e r  t y p e  s o u r c e .  B u t  even more c o m p e l l i n g ,  i s  
t h e  p o t e n t i a l  c o s t  s a v i n g s  t h a t  can be r e a l i z e d  w i t h  
SD. SD power g e n e r a t i n g  and s t o r a g e  components have 
l o n g e r  l i f e t i m e s  t h a n  p h o t o v o l t a i c  a r r a y s  and b a t -  
t e r i e s .  These SD l i f e t i m e s  r e s u l t  i n  s u b s t a n t i a !  
c o s t  s a v i n g s  i n  hardware  r e p l a c e m e n t ,  l a u n c h ,  and 
o n - o r b i t  i n s t a l l a t i o n  c o s t s .  Because o f  t h e  s i g n i f -  
i c a n t l y  h i g h e r  s o l a r - t o - e l e c t r i c  power e f f i c i e n c y  of 
a SD system, i t  has a b o u t  a 60 p e r c e n t  s m a l l e r  s o l a r  
c o l l e c t i o n  a r e a  t h a n  a PV sys tem for  a g i v e n  power 
o u t p u t .  T h e r e f o r e ,  i t  w i l l  have l o w e r  aerodynamic 
d r a g  and l o w e r  r e b o o s t  r e q u i r e m e n t s .  For c o n s t a n t  
d r a g  o p e r a t i o n ,  SD systems a l l o w  t h e  Freedom t o  
o p e r a t e  a t  l o w e r  a l t i t u d e s .  T h i s  p e r m i t s  t h e  Shut -  
t l e  o r b i t e r  t o  rendezvous w i t h  t h e  Freedom manned 
base a t  lower  a l t i t u d e s ,  s i g n i f i c a n t l y  i n c r e a s i n g  
t h e  o r b i t e r ' s  p a y l o a d  c a p a c i t y  and l o w e r i n g  t h e  
l a u n c h  c o s t  p e r  pound t o  o r b i t .  S t u d i e s  have shown 
t h a t  t h e  v a r i o u s  o p e r a t i o n s  and hardware  c o s t  sav- 
i n g s  r e s u l t i n g  from t h e  use o f  SD power r a t h e r  t h a n  
PV power for  t h e  g r o w t h  o f  Freedom's manned base, 
amount t o  a r e d u c t i o n  i n  l i f e  c y c l e  c o s t s  of 3 t o  4 
b i l l i o n  d o l l a r s  o v e r  t h e  30 y r  l i f e  o f  Freedom. 
I t  i s  t h e  pu rpose  o f  t h i s  p a p e r  t o  d e s c r i b e  
t h e  pe r fo rmance  r e q u i r e m e n t s  and t h e  p r e s e n t  o v e r -  
a l l  d e s i g n  o f  t h e  SD power module.  
o p e r a t i o n .  a t o p  l e v e l  d e s c r i p t i o n  o f  t h e  module 
and i t s  components, and o n - o r b i t  module assembly 
a r e  i n c l u d e d .  
e v o l v e  and be o p t i m i z e d  as t h e  p rog ram p r o g r e s s e s .  
There fo re ,  t h e  i n f o r m a t i o n  i n  t h i s  paper  must  be 
c o n s i d e r e d  p r e l i m i n a r y .  
P r i n c i p l e s  of 
The d e s i g n  o f  t h i s  module W i l l  
THE SD POWER MODULE 
Per formance Requ i remen ts  
Each SD power module must  p r o v i d e  t h e  u s e r s  o n  
t h e  manned base 25 kW o f  e l e c t r i c  power t h r o u g h o u t  
t h e  o r b i t  under  a l l  i n s o l a t i o n  c o n d i t i o n s .  To meet  
t h i s  r e q u i r e m e n t ,  t h e  module mus t  c o l l e c t  s o l a r  
ene rgy ,  s t o r e  p a r t  o f  t h e  c o l l e c t e d  e n e r g y  as t h e r -  
mal ene rgy  f o r  use d u r i n g  t h e  e c l i p s e  p o r t i o n  of 
t h e  o r b i t ,  c o n v e r t  c o l l e c t e d  or s t o r e d  e n e r g y  t o  low 
f r e q u e n c y  ac e l e c t r i c  power w i t h  a thermodynamic 
h e a t  e n g i n e ,  c o n v e r t  t h e  low f requency  power to 
power a t  t h e  f r e q u e n c y  o f  t h e  p r i m a r y  power d i s t r i -  
b u t i o n  system, and d e l i v e r  t h a t  power t o  t h e  i n t e r -  
f a c e  between t h e  SD module and t h e  r e s t  o f  t h e  
manned base.  The power d e l i v e r e d  a t  t h e  i n t e r f a c e  
must  be g r e a t e r  t h a n  2 5  kW t o  accommodate t h e  l o s s e s  
i n  t h e  d i s t r i b u t i o n  sys tem and t o  s u p p l y  t h e  power 
needed f o r  c o n t r o l  and m o n i t o r i n g .  The module mus t  
a l s o  be capab le  o f  s u p p l y i n g  a s h o r t  t e r m  peak 
power o f  28 .75  kW to  t h e  u s e r  for up  t o  15  m i n  of 
an  o r b i t .  I t  must  be c a p a b l e  o f  au tomated  s t a r t u p  
and shutdown o p e r a t i o n s  and accommodate a l l  o f  t h e  
e l e c t r i c  power sys tem f u n c t i o n s  o n  f r e e d o m ' s  manned 
base .  
Th roughou t  t h e  l i f e  o f  Freedom, t h e  s o l a r  i n s o -  
l a t i o n  w i l l  v a r y  o v e r  a r a n g e  o f  1.33 t o  1 .42  kW/m2. 
The SD module must be c a p a b l e  o f  a c c e p t i n g  t h i s  
v a r y i n g  i n s o l a t i o n  and  d e l i v e r i n g  t h e  r e q u i r e d  
power a t  a l l  t i m e s .  
SD P r i n c i p l e s  o f  O p e r a t i o n  
The o p e r a t i o n  o f  t h e  s o l a r  dynamic e l e c t r i c  
power sys tem fo r  f reedom i s  shown i n  s i m p l i f i e d  f o r m  
i n  F i g .  2 .  A r e f l e c t i n g  c o n c e n t r a t o r  f o c u s e s  i n c i -  
d e n t  s o l a r  e n e r g y  i n t o  a c a v i t y - t y p e  h e a t  r e c e i v e r .  
The r e c e i v e r  i n c l u d e s  h e a t  e x c h a n g i n g  tubes  t h r o u g h  
wh ich  t h e  gasecus w o r k i n g  f l u i d  f o r  t h e  c l o s e d  loop 
FIGURE 2. - SOLAR DYNAMIC CLOSED BRAYTON CYCLE. 
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a r a y t o n  c y c l e  (CBC) h e a t  e n g i n e  oasses .  Also i n  :he 
r e c e i v e r  i s  a q u a n t i t y  o f  a e u t e c t i c  1nir:ui-e , ~ f  L , F -  
CaF2 s a l t s  i n  c a p s u l e s  a round  t h e  tubes far' i tor ' icqe 
o f  the rma l  e n e r g y  b y  t h e  n e a t  o f  f u s i o n  o f  That  T i ( -  
t u r e .  The phase change ( f r e e z e - m e l t )  t e m p e r a t u r e  ,f 
t h e  s a l t  m i x t u r e  i s  n e a r  1040 I: (1420  ' F ) .  D u r i n g  
t h e  s u n l i t  p o r t i o n  o f  Freedom'; o r b i t ,  s u f f i c i e n t  
t he rma l  e n e r g y  i s  s t o r e d  so t h a t  t h e  t e m p e r a t u r e  
o f  t h e  gaseous w o r k i n g  f l u i d  a t  t h e  r e c e i v e r  o u t l e t  
rema ins  w i t h i n  a range  o f  a b o u t  990 K (1330  " F )  t o  
1030 K (1400  O F )  t h r o u g h o u t  t h e  o r b i t .  
The B r a y t o n  thermodynamic c y c l e  i s  a s i n g l e  
phase gas c y c l e .  The SD power module uses t h e  
c l o s e d  l o o p  form o f  t h i s  c y c l e .  A compressor  r a i s e s  
t h e  p r e s s u r e  o f  t h e  gaseous w o r k i n g  f l u i d  a f t e r  
w h i c h  i t  f l o w s  t o  a r e c u p e r a t o r  i n  wh ich  i t s  temper-  
a t u r e  i n c r e a s e s  b y  t r a n s f e r  o f  h e a t  from a n o t h e r  
p a r t  o f  t h e  c y c l e .  From t h e  r e c u p e r a t o r  t h e  gas 
passes t o  t h e  r e c e i v e r  where c o l l e c t e d  h e a t  i s  added 
and gas t e m p e r a t u r e  r i s e s  to t h e  maximum l e v e l  i n  
t h e  c y c l e .  The h i g h  t e m p e r a t u r e ,  h i g h  p r e s s u r e  gas 
t h e n  f lows to t h e  t u r b i n e  where i t  expands to  a 
l o w e r  t e m p e r a t u r e  and p r e s s u r e  t o  p roduce  mechani -  
c a l  work. A p o r t i o n  o f  t h e  t u r b i n e  work d r i v e s  t h e  
compressor  and t h e  rema inder  d r i v e s  t h e  a l t e r n a t o r ,  
p r o d u c i n g  e l e c t r i c a l  ene rgy .  A f t e r .  l e a v i n g  t h e  tur- 
b i n e ,  t h e  gas passes t h r o u g h  t h e  low p r e s s u r e  s i d e  
o f  t h e  r e c u p e r a t o r  where i t  t r a n s f e r s  l a r g e  p a r t  (of 
i t s  r e m a i n i n g  h e a t  ene rgy  t o  t h e  h i g h  p r e s s u r e  gas 
f r o m  t h e  compresso r .  From t h e  r e c u p e r a t o r .  t h e  gas 
passes t h r o u g h  t h e  h e a t  r e j e c t i o n  sys tem where i t  
g i v e s  u p  more h e a t  wh ich  i s  r a d i a t e d  t o  space.  The 
c o l d  gas t h e n  r e t u r n s  t o  t h e  compresso r ,  c o m p l e t i n g  
t h e  l o o p .  
CBC have been s e l e c t e d  so t h a t  r e f r a c t o r y  m a t e r i a l s  
a r e  n o t  needed anywhere i n  t h e  sys tem.  The gaseous 
w o r k i n g  f l u i d  i s  a m i x t u r e  o f  h e l i u m  and xenon w i t h  
an  e q u i v a l e n t  m o l e c u l a r  w e i g h t  o f  40, which r e s u l t ;  
i n  t h e  b e s t  c o m b i n a t i o n  o f  h e a t  t r a n s f e r  and thermo- 
dynamic p e r f o r m a n c e .  S i n c e  t h e  B r a y t o n  c y c l e  i s  a l l  
gas,  i t  i s  e s s e n t i a l l y  i n s e n s i t i v e  t o  g r a v i t a t i o n a l  
f o r c e s .  T h e r e f o r e ,  components and t h e  system can be 
d e s i g n e d  f o r  space o p e r a t i o n  and t h e  pe r fo rmance  
p r o v e n  w i t h  c o n f i d e n c e  i n  t e s t  f a c i l i t i e s  o n  E a r t h .  
n a t o r  mounted on t h e  common s h a f t  w i t h  t h e  t u r b i n e  
and compressor  c o n v e r t s  mechan ica l  e n e r g y  t o  e l e c -  
t r i c  e n e r g y  as t h r e e  phase power.  E l e c t r o n i c  f r e -  
quency changer  equ ipmen t  c o n v e r t s  t h e  t h r e e  phase 
e l e c t r i c  power f r o m  t h e  a l t e r n a t o r  t o  d i s t r i b u t i o n  
q u a l  i t y  power.  
c o l l e c t e d  b y  t h e  c o n c e n t r a t o r  s i n c e  i t  i s  i m p r a c t i -  
c a l  t o  m o d u l a t e ,  or c o n t r o l ,  e n e r g y  c o l l e c t i o n .  
T h e r e f o r e ,  v a r i a t i o n s  i n  s o l a r  i n p u t  e n e r g y  ( i n s o -  
l a t i o n )  and i n  e l e c t r i c  l o a d  demand a r e  accommo- 
d a t e d  b y  a c o m b i n a t i o n  o f  c o n t r o l  o f  t h e  t o t a l  
amount o f  gas i n  t h e  c l o s e d  l o o p  and a c o n t r o l l a -  
b l e  p a r a s i t i c  e l e c t r i c  l o a d .  The gas i n v e n t o r y  i n  
t h e  l o o p  i s  i n c r e a s e d  or dec rebsed  b y  v a l v e s  con- 
n e c t i n g  a g a s - s t o r i n g  a c c u m u l a t o r  t o  t h e  compres- 
sor i n l e t  or o u t l e t ,  r e s p e c t i v e l y .  
The t e m p e r a t u r e s  o f  t h e  s t a t e  p o i n t s  i n  t h e  
A s o l i d  ro tor ,  L u n d e l l  t y p e ,  t h r e e  phase a l t e r -  
The SD sys tem must  c o n v e r t  a l l  o f  t h e  e n e r g y  
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f r eedom g imba l  ( b e t a  g i m b a l ) .  The i n n e r  5 bays 
a s s u r e  adequa te  c l e a r a n c e  for  r o t a t i o n  o f  t h e  equ ip -  
ment and t o  p r e v e n t  shadowing o f  t h e  c o n c e n t r a t o r  
by o t h e r  power modules.  The a x i s  o f  r o t a t i o n  of 
t h i s  b e t a  g imba l  i s  a t  90" t o  t h e  a x i s  of t h e  a l p h a  
g i m b a l .  The combined o p e r a t i o n  o f  t h e  a l p h a  and 
b e t a  g i m b a l s  p r o v i d e  t h e  c o a r s e  p o i n t i n g  of t h e  
c o n c e n t r a t o r .  The a l p h a  g imba l  r o t a t e s  once p e r  
o r b i t  t o  p r o v i d e  o r b i t - b y - o r b i t  sun t r a c k i n g .  
b e t a  g imba l  o s c i l l a t e s  v e r y  s l o w l y  t h r o u g h  an  a r c  
of a b o u t  *52" t o  t r a c k  t h e  sun t h r o u g h  i t s  p e r i o d i c  
The 
w i  t h  
Sun 
cons 
a c t u  
a r e :  
t u r e  
r e c e  
( 4 )  
v a r i a t i o n  i n  p o s i t i o n  r e l a t i v e  t o  t h e  p l a n e  o f  
Freedom's o r b i t .  P o i n t i n g  o f  t h e  c o n c e n t r a t o r  t o  
n t h e  r e a u i r e d  +0.1" o f  t h e  t r u e  l i n e  t o  t h e  
s accompl ' ished b y  a f i n e  p o i n t i n g  subsystem 
s t i n g  o f  a two-ax i s  g imba l  and l i n e a r  
t o r s .  
The m a j o r  assemb l ies  i n  t h e  SD power module 
and two-ax i s  f i n e  p o i n t i n q  q i m b a l .  ( 2 )  t h e  
( 1 )  t h e  c o n c e n t r a t o r  w i t h  i t s  s u p p o r t  s t r u c -  
v e r ,  ( 3 )  t h e  power c o n v e r i i o n  u n i t  (PCU), 
he h e a t  r e j e c t i o n  assembly, ( 5 )  t h e  e l e c t r i c a l  
equipment  assemb ly  ( E E A ) .  and ( 6 )  t h e  b e t a  g i m b a l .  
These a s s e m b l i e s  a r e  a l l  mounted to, and t i e d  
t o g e t h e r  by ,  t h e  i n t e r f a c e  s t r u c t u r e ,  t h e  s e v e n t h  
m a j o r  assemb ly .  E l e c t r o n i c s  for c o n t r o l ,  power 
c o n d i t i o n i n g ,  and d a t a  h a n d l i n g  a r e  i n  t h e  e l e c t r i -  
c a l  equ ipmen t  assembly.  The SD module i s  e x p e c t e d  
t o  have a mass o f  a b o u t  7440 kg ( 1 6  360 l b )  com- 
p l e t e  w i t h  seven assemb l ies  and s i x  bays o f  t r u s s .  
The r e c e i v e r / P C U / r a d i a t o r  c o m b i n a t i o n  i s  com- 
p l e t e l y  assembled and cha rged  w i t h  gas and c o o l i n g  
l i q u i d  o n  E a r t h  be fo re  l a u n c h  t o  o r b i t .  T h e r e f o r e ,  
t h e r e  w i l l  be n o  need t o  make o n - o r b i t  gas or l i q -  
u i d  c o n n e c t i o n s .  The c o n c e n t r a t o r  p a n e l s  and f a c e t s  
w i l l  be p r e - a l i g n e d  and t h e  p a n e l s ,  w i t h  f a c e t s  
i n s t a l l e d ,  s towed i n  t h e  S h u t t l e  o r b i t e r  bay be fo re  
1 aunch . 
For  g r o w t h  i n  power c a p a b i l i t y ,  a d d i t i o n a l  s e t s  
of f u n c t i o n a l  SD ha rdware  w i l l  be  added t o  Freedom's 
manned base .  Each s e t  w i l l  i n c r e a s e  Freedom's power 
c a p a b i l i t y  b y  25 kW. These ha rdware  s e t s  may, or  
may n o t  i n c l u d e  t r u s s  bays ,  depend ing  o n  t h e  power 
i n c r e m e n t  added. SD equ ipmen t  s e t s  a r e  d e s i g n e d  t o  
be l o c a t e d  on o p p o s i t e  faces of t h e  o u t e r m o s t  t r u s s  
bay t o  p r o v i d e  50 kW o n  each s i x - b a y  t r u s s  s e t .  
C o n c e n t r a t o r  
The c o n c e n t r a t o r  i s  t h e  v i s u a l l y  dominan t  
assembly o f  t h e  SD power module.  I t  i s  an  e r e c t a b l e  
s t r u c t u r e  d e s i g n e d  t o  be assembled b y  a s t r o n a u t s  o n  
o r b i t .  A s  shown i n  F i g .  5,  i t  i s  an  o f f s e t  pa ra -  
b o l i c  r e f l e c t o r  sys tem c o n s i s t i n g  o f  a r e f l e c t i v e  
s u r f a c e ,  s u p p o r t  s t r u c t u r e  and a g i m b a l l e d  f i n e  
p o i n t i n g  mechanism. The r e f l e c t i v e  s u r f a c e .  shown 
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i n  F i g .  6 .  i s  an assembly o f  19 hexagona l  p a n e l s  
each c o n t a i n i n g  2 4  t r i a n g u l a r  r e f l e c t i v e  f a c e t s .  To 
a s s u r e  e f f e c t i v e  d i s t r i b u t i o n  o f  i n c i d e n t  s o l a r  f l u x  
w i t h i n  t h e  r e c e i v e r ,  t h e  f a c e t s  a r e  c o n t o u r e d  and 
f i x e d  i n  p o s i t i o n .  The p r i m a r y  advantages  o f  t h e  
o f f s e t  p a r a b o l i c ,  hexagonal  p a n e l ,  and f a c e t  d e s i g n  
concepts  a r e  t h e  r e s u l t i n g  low mass moment o f  i n e r -  
t i a  o f  t h e  SO module a b o u t  Freedom's  t r a n s v e r s e  
boom, commonal i t y  o f  p a r t s ,  and t h e  c a p a b i l i t y  for  
compact stowage o f  t h e  c o n c e n t r a t o r .  
Assembled e n g i n e e r i n g  model c o n c e n t r a t o r  pane l  
f rames a r e  shown i n  F i g .  7 .  S e l f - l o c k i n g  b a l l - a n d -  
s o c k e t  l a t c h e s  l o c a t e d  a t  t h e  pane l  c o r n e r s  c o n n e c t  
r REFLECTOR ASSEMBLY 
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FIGURE 6 .  - CONCENTRATOR ASSEMBLY. 
FIGURE 7. - CONCENTRATOR PANEL STRUCTURE. 
t h e  p a n e l s  t o g e t h e r  t o  f o r m  t h e  comple te  r e f l e c t o r .  
The r e f l e c t o r  t h u s  assembled i s  a b o u t  18 m ( 5 5  f t )  
i n  d i a m e t e r .  The f a c e t s  w i l l  be i n s t a l l e d  i n  t h e  
p a n e l s  and a l i g n e d  on  E a r t h  b e f o r e  l a u n c h  i n t o  
o r b i t .  A n i n e - s t r u t  s t r u c t u r e  s u p p o r t s  t h e  assem- 
b l e d  p a n e l s .  Three o f  t h e  s t r u t s  f o r m  a d e l t a  
f rame and p r o v i d e  s t i f f n e s s  t o  t h e  pane l  assembly.  
The r e m a i n i n g  s i x  a t t a c h  i t  t o  t h e  two-ax is  g imba l  
r i n g s ,  as shown i n  F i g .  6 .  These g imba l  r i n g s  
t o g e t h e r  w i t h  l i n e a r  a c t u a t o r s  and a c l o s e d - l o o p  
c o n t r o l  c o n s t i t u t e  a f i n e  p o i n t i n g  sys tem wh ich  
w i l l  keep t h e  c o n c e n t r a t o r  p o i n t e d  t o  w i t h i n  i O . 1 "  
o f  t h e  t r u e  s u n l i n e .  The t o t a l  mass o f  t h e  concen- 
t r a t o r  comple te  w i t h  a l l  s t r u c t u r e  and c o n t r o l s  i c  
e x p e c t e d  t o  be a b o u t  1500 k g  (3300 l b ) .  A more 
comple te  d e s c r i p t i o n  of t h e  c o n c e n t r a t o r  can be 
f o u n d  i n  R e f .  1 .  
R e c e i v e r  
The r e c e i v e r ,  l o c a t e d  n e a r  t h e  f o c a l  p o i n t  o f  
t h e  c o n c e n t r a t o r ,  i s  t h e  second l i n k  i n  t h e  SD power 
p r o c e s s .  A s  shown i n  F i g .  8,  wh ich  i s  a p h o t o  o f  a 
mode l ,  and F i g .  9 ,  t h e  SD h e a t  r e c e i v e r  i s  c y l i n d r i -  
c a l  i n  shape. I t  c o n s i s t s  o f  a c a v i t y  l i n e d  a x i a l l y  
FIGURE 8. - RECEIVER WITH THERNAL ENERGY STORAGE. 
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FIGURE 9. - THERMAL ENERGY STORAGE. 
w i t h  tubes  t h r o u g h  wh ich  t h e  gaseous w o r k i n g  f l u i d  
o f  t h e  B r a y t o n  c y c l e  f lows. Each i n d i v i d u a l  t u b e  i s  
s u r r o u n d e d  by  t h e r m a l  e n e r g y  s t o r a g e  means. S o l a r  
energy  e n t e r s  t h e  r e c e i v e r  t h r o u g h  an a p e r t u r e  i n  
one end.  T h i s  a p e r t u r e  i s  s i z e d  t o  o p t i m i z e  t h e  
c o l l e c t i o n  o f  f o c u s e d  energy  from t h e  c o n c e n t r a t o r  
w h i l e  l i m i t i n g  t h e  amount o f  t h a t  e n e r g y  w h i c h  i s  
r e r a d i a t e d  o u t  o f  t h e  a p e r t u r e .  The gaseous work- 
i n g  f l u i d  e n t e r s  t h e  c a v i t y  r e g i o n  v i a  a t o r o i d a l  
header a t  t h e  a p e r t u r e  end o f  t h e  r e c e i v e r .  I t  , 
makes a s i n g l e  pass t h r o u g h  t h e  t u b e s  and i s  t h e n  
c o l l e c t e d  i n  an o u t l e t  header  a t  t h e  c l o s e d  end. 
From t h e  o u t l e t  header  i t  f l o w s  t o  t h e  B r a y t o n  power 
c o n v e r s i o n  u n i t  w h i c h  i s  mounted on t h e  o u t s i d e  of 
t h e  c l o s e d  end. 
The c a n i s t e r s  s u r r o u n d i n g  each r e c e i v e r  t u b e  
c o n t a i n  a e u t e c t i c  s a l t  m i x t u r e  o f  80 .5  p e r c e n t  
L i F  - 19.5 p e r c e n t  CaF2 ( b y  m o l e ) .  The h e a t  of 
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f u s i o n  o f  t h i s  m i x t u r e  i s  t h e  t h e r m a l  energy  s t o r a g e  
means. The t o t a l  amount o f  s a l t  i n  t h e  r e c e i v e r  i s  
s u f f i c i e n t  t o  s t o r e  t h e  t h e r m a l  energy  o f  a maximum 
i n s o l a t i o n  o r b i t  and t o  p r o v i d e  t h e  r e q u i r e d  energy  
d u r i n g  t h e  d a r k  p o r t i o n  o f  a maximum e c l i p s e  o r b i t .  
h i g h  t e m p e r a t u r e ,  fo rmed i n s u l a t i o n  wh ich  r e f l e c t s  
as w e l l  as r e r a d i a t e s  i n c i d e n t  s o l a r  t h e r m a l  energy  
to o u t e r  s i d e  o f  t h e  c a n i s t e r s  s u r r o u n d i n g  t h e  
t u b e s .  M u l t i f o i l  i n s u l a t i o n  i s  wrapped around t h e  
o u t s i d e  o f  t h e  r i g i d  i n s u l a t i o n  and t h e  e n t i r e  
r e c e i v e r  i s  e n c l o s e d  i n  an aluminum s u p p o r t  s t r u c -  
t u r e .  The i n l e t  header  and a p e r t u r e  frame a r e  p r o -  
t e c t e d  f r o m  i n c o m i n g  s o l a r  f l u x  b y  a g r a p h i t e  
s h i e l d .  T h i s  s h i e l d  i s  d e s i g n e d  t o  w i t h s t a n d  
s p i l l a g e  o f  s o l a r  e n e r g y  due t o  t r a n s i e n t  concen- 
t r a t i o n  a c c u r a c y  l i m i t a t i o n s  and d u r i n g  t h e  t i m e s  
when t h e  SD module i s  o f f p o i n t e d  from t h e  Sun. 
The r e c e i v e r  i s  e x p e c t e d  t o  have a mass o f  a b o u t  
1760 k g  (3870 l b ) .  A more c o m p l e t e  d e s c r i p t i o n  o f  
t h e  r e c e i v e r  can be f o u n d  i n  R e f .  2 .  
The r e c e i v e r  c a v f t y  w a l l s  c o n s i s t  o f  r i g i d ,  
Power C o n v e r s i o n  U n i t  
The power c o n v e r s i o n  u n i t  (PCU) i s  t h e  h e a t - t o -  
e l e c t r i c  power c o n v e r s i o n  h e a r t  o f  t h e  SD module.  
I t  c o n t a i n s  t h e  t u r b o m a c h i n e r y ,  a l t e r n a t o r ,  combined 
r e c u p e r a t o r l c y c l e  gas c o o l e r ,  d u c t i n g ,  and gas stor- 
age and management e q u i p m e n t .  These components a r e  
shown i n  F i g .  10. The t u r b o m a c h i n e r y  ( t u r b i n e  and 
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FIGURE 10. - P M R  CONVERSION UNIT.  
c o m p r e s s o r )  and t h e  a l t e r n a t o r  a r e  on  a common s h a f t  
f o r m i n g  a s i n g l e  r o t a t i n g  u n i t  r e f e r r e d  t o  as t h e  
B r a y t o n  R o t a t i n g  U n i t  (BRU). 
compressor  a r e  s i n g l e  s t a g e  r a d i a l  machines and 
o p e r a t e  a t  a d e s i g n  speed o f  32 000 rpm. The a l t e r -  
n a t o r  i s  a s o l i d  ro tor ,  m o d i f i e d  L u n d e l l  t y p e  
mach ine  w h i c h  c o n v e r t s  s h a f t  power t o  t h r e e  phase ac 
e l e c t r i c  power a t  120 V l i n e - t o - n e u t r a l  w i t h  a nomi- 
n a l  f r e q u e n c y  o f  1067 Hz. A l l  o f  t h e  e l e c t r i c a l  
w i n d i n g s  o f  t h e  a l t e r n a t o r  a r e  o n  t h e  n o n r o t a t i n g  
p a r t  of t h e  BRU, t h e r e b y  p r o v i d i n g  f o r  e f f e c t i v e  
c o o l i n g  p a t h s  and m i n i m i z i n g  mechan ica l  s t r e s s e s  on  
t h e  w i n d i n g s  and t h e i r  i n s u l a t i o n .  
ro tor  and b e a r i n g s  i s  a c h i e v e d  b y  a s m a l l  b l e e d  gas 
c o o l e r  w h i c h  c o o l s  gas b l e d  from t h e  compressor o u t -  
l e t  and f e e d s  t h e  c o o l e d  gas i n t o  t h e  r o t o r  c a v i t y .  
The a l t e r n a t o r  i s  c o o l e d  by  a c o m b i n a t i o n  of t h e  
B o t h  t h e  t u r b i n e  and 
C o o l i n g  of t h e  
c o o l e d  gas and l i q u i d  c o o l a n t  from t h e  h e a t  r e j e c -  
t i o n  system. D u c t i n g  and s t r u c t u r a l  t i e s  c o n n e c t  
t h e  BRU w i t h  t h e  b a l a n c e  o f  t h e  PCU and r e c e i v e r .  
The r e c u p e r a t o r  and c y c l e  gas c o o l e r  form an 
i n t e g r a t e d  h e a t  exchanger .  There a r e  d o u b l e  con- 
t a i n m e n t  f e a t u r e s  a t  j o i n t s  i n  p r e s s u r e  b o u n d a r i e s  
t h r o u g h o u t  b o t h  r e c u p e r a t o r  and gas c o o l e r .  
a c c u m u l a t o r ,  w h i c h  i s  t h e  m a j o r  p a r t  o f  t h e  gas man- 
agement system, i s  l o c a t e d  a l o n g  s i d e  o f  t h e  BRU. 
The f u n c t i o n s  o f  t h e  two h e a t  exchangers and t h e  
a c c u m u l a t o r  a r e  d e s c r i b e d  i n  t h e  s e c t i o n  on  p r i n c i -  
p l e s  o f  o p e r a t i o n .  
C o n t r o l  equ ipment  l o c a t e d  i n  t h e  e l e c t r i c a l  
equ ipment  assembly  ( E E A )  c o n t r o l s  t h e  BRU speed, 
a l t e r n a t o r  o u t p u t  v o l t a g e ,  power l e v e l ,  and s t a r t -  
s t o p  f u n c t i o n s .  
w h i c h  i s  n o t  d e l i v e r e d  to t h e  power d i s t r i b u t i o n  
sys tem i s  passed t o  t h e  p a r a s i t i c  l o a d  r a d i a t o r  
(PLR). a r e s i s t i v e  l o a d  w h i c h  r a d i a t e s  t h e  excess 
l o a d  as h e a t  t o  space. The PLR a l s o  absorbs  and 
r a d i a t e s  t r a n s i e n t  power excess  d u r i n g  sys tem l o a d  
changes t o  m a i n t a i n  t h e  p r o p e r  BRU speed. L a s t l y ,  
t h e  PLR, t o g e t h e r  w i t h  t h e  c o n t r o l s ,  r e g u l a t e s  t h e  
s t e a d y  s t a t e  speed o f  t h e  BRU. The t o t a l  mass o f  
t h e  v a r i o u s  components and a s s e m b l i e s  wh ich  make up 
t h e  PCU i s  e x p e c t e d  t o  be a b o u t  800 k g  (1760 l b ) .  
The PCU i s  d e s c r i b e d  i n  g r e a t e r  d e t a i l  i n  R e f .  3 .  
The 
E l e c t r i c  power p roduced by  t h e  BRU 
Heat R e j e c t i o n  Assembly 
The h e a t  r e j e c t i o n  assembly c o n s i s t s  o f  a 
pumped l i q u i d  l o o p  w h i c h  c o l l e c t s  t h e  waste h e a t  
f rom t h e  thermodynamic c y c l e  and e l e c t r i c a l  compo- 
n e n t s  and t r a n s f e r s  i t  t o  a r a d i a t o r ,  and t h e  r a d i -  
a t o r  i t s e l f .  F i g u r e  1 1  shows t h e  dominant  p a r t  o f  
t h i s  assembly ,  t h e  r a d i a t o r  w h i c h  i s  d e s i g n e d  t o  
r e j e c t  a b o u t  100 kW o f  t h e r m a l  power t o  space. The 
r a d i a t o r  i s  a d e p l o y a b l e  s t r u c t u r e  c o n s i s t i n g  o f  
e i g h t  8.7 m ( 2 6 . 4  f t )  b y  2 .5  m ( 7 . 5  f t )  o a n e l s  con- 
n e c t e d  t o g e t h e r  by  f l e x i b l e  l i q u i d - c a r r y i n g  hoses .  
The p a n e l s  a r e  c o n s t r u c t e d  o f  a luminum honeycomb 
a d h e s i v e l y  bonded t o  aluminum f a c e  s h e e t s .  The f a c e  
sheets  a r e  c o a t e d  o n  t h e  o u t s i d e  w i t h  a t h e r m a l  con- 
t r o l  c o a t i n g ,  p r e s e n t l y  p l a n n e d  t o  be 2-93 w h i t e  
p a i n t .  W i th in  t h e  honeycomb, e x t r u d e d  aluminum 
t u b e s  c o n d u c t  c o o l a n t  l l q u i d  from t h e  i n l e t  m a n i f o l d  
on one s i d e  o f  t h e  p a n e l s  t o  t h e  o u t l e t  on  t h e  oppo- 
s i t e  s i d e .  The maximum e x p e c t e d  c o o l a n t  t e m p e r a t u r e  
an 
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' a t  t he  i n l e t  i s  445 K (340 O f ) .  S e v e r a l  t y p e s  o f  l i q u i d  a r e  under  c o n s i d e r a t i o n  as t h e  h e a t  t r a n s p o r t  
means. Dual  c o o l a n t  p a t h s  p r o v i d e  r e l i a b i l i t y  and 
f u l l  o p e r a t i o n a l  c a p a b i l i t y  a f t e r  one f a i l u r e .  
s c i s s o r s  w h i c h  e x t e n d s  t h e  p a n e l s  from a stowed 
l a y e r e d  p o s i t i o n  t o  t h e  e x t e n d e d  p o s i t i o n  as shown 
i n  f i g s .  3 ,  4 .  and 1 1 .  The s c i s s o r s  mechanism 
a l s o  p r o v i d e s  t h e  s t r u c t u r a l  s u p p o r t  t o  m a i n t a i n  
t h e  r a d i a t o r  p a n e l s  i n  p o s i t i o n .  
an ism i s  e n p e c t e d  t o  have a mass o f  a b o u t  1350 k g  
(3000 I b ) .  The t o t a l  h e a t  r e j e c t i o n  assembly ,  com- 
p l e t e  w i t h  pumps, l i n e s ,  and c o l d  p l a t e  ( f o r  e l e c -  
t r o n i c s  t h e r m a l  c o n t r o l )  i s  e x p e c t e d  t o  have a mass 
o f  about  1550 k g  ( 3 4 0 0  l b ) .  More d e t a i l e d  i n f o r m a -  
t i o n  on t h e  h e a t  r e j e c t i o n  sys tem can be f o u n d  i n  
R e f .  4 .  
The dep loyment  mechanism i s  a c a b l e - a c t u a t e d  
The r a d i a t o r  t o g e t h e r  w i t h  i t s  dep loyment  mech- 
E l e c t r i c a l  Equipment Assembly 
The E l e c t r i c a l  Equipment Assembly ( E E A )  con- 
t a i n s  a v a r i e t y  o f  e l e c t r i c a l  and e l e c t r o n i c  h a r d -  
ware and i s  mounted on  a c o l d  p l a t e .  f o r  t h e r m a l  
c o n t r o l  o f  t h i s  hardware ,  c o o l i n g  l i q u i d  from t h e  
h e a t  r e j e c t i o n  assembly  c i r c u l a t e s  t h r o u g h  t h i s  
c o l d  p l a t e .  The EEA c o n t a i n s  a l l  o f  t h e  c o n t r o l s  
f o r  t h e  SD power modu le .  T h i s  i n c l u d e s  p o i n t i n g  
c o n t r o i l e r s  . xh i ch  a s s u r e  t h a t  t h e  c o n c e n t r a t o r  i s  
p o i n t e d  t o  r i t h i n  0 . 1 "  o f  t h e  s u n l i n e .  These con- 
t r o l l e r s  d r i v e  b o t h  t h e  b e t a  and f i n e  p o i n t i n g  gim- 
b a l  a c t u a t o r s  and a r e  i n t e r f a c e d  w i t h  a l p h a  g imba l  
c o n t r o l s  i n  t h e  c e n t r a l  p o r t i o n  o f  t h e  manned base.  
C o n t r o l  o f  t h e  PCU i n c l u d e s  c o n t r o l  for v o l t a g e  and 
speed, s t a r t u p  and shutdown s e q u e n c i n g ,  and mass 
f l o w  r a t e  o f  t h e  gas (power  l e v e l ) .  C o n t r o l  o f  t h e  
mass f l o w r a t e  a s s u r e s  main tenance o f  p r o p e r  temper -  
a t u r e ;  i n  t n e  r e c e i v e r .  Pump m o t o r s  for  t h e  h e a t  
r e j e c t i o n  assembly  and t h e i r  d r i v e  e l e c t r o n i c s  a r e  
a l s o  i n  t h e  E E A .  F i n a l l y  t h e  EEA i n c l u d e s  t h e  f r e -  
quency changer  w h i c h  c o n v e r t s  t h e  n o m i n a l  1067 Hz, 
t h r e e  phase power f rom t h e  a l t e r n a t o r  t o  20 kHz 
s i n g l e  phase power for  p r i m a r y  d i s t r i b u t i o n .  The 
mass o f  t h e  EEA i s  e v p e c t e d  t o  be a b o u t  260 k g  
( S i 0  l b ) .  
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The b e t a  g imba l  i s  a s i n g l e  d e g r e e - o f - f r e e d o m  
g imba l  w h i c h ,  t o g e t h e r  w i t h  t h e  a l p h a  g i m b a l ,  p r o -  
v i d e s  t h e  coarSe p o i n t i n g  o f  t h e  SD power modu le .  
A l t h o u g h  i t  o n l y  r o t a t e s  t h r o u g h  an a n g l e  o f  t 5 2 "  
d u r i n g  normal o p e r a t i o n ,  i t  can r o t a t e  a f u l l  360" 
t o  a l l o w  f u l l  d e t r a c k i n g  o f  t h e  SO module f r o m  t h e  
s u n l i n e  f o r  assembly ,  m a i n t e n a n c e ,  and emergency 
c p e r a t i c n s .  I t  i n c l u d e s  b o t h  e l e c t r i c  power and 
d a t a  c o u p l i n g  between t h e  a s s e m b l i e s  o f  t h e  SD 
power module and t h e  t r u s s .  The mass o f  t h e  com- 
p l e t e  b e t a  g i m b a l  i s  e x p e c t e d  t o  be a b o u t  280 k g  
( 6 1 0  l b ) .  
I n t e r f a c e  S t r u c t u r e  
A l l  o f  t h e  f u n c t i o n a l  SD a s s e m b l i e s  d e s c r i b e d  
above a r e  mounted on t h e  i n t e r f a c e  assembly  as  
shown i n  f i g .  4 .  I t  i s  o r i e n t e d  i n  i n e r t i a l  space 
by t h e  a l p h a  and b e t a  g i m b a l s ,  and i s  t h e  base f r o m  
w h i c h  t h e  f i n e  p o i n t i n g  
a t e s .  The i n t e r f a c e  s t  
be a b o u t  375 k g  (825 l b  
Techno logy  Base 
o f  t h e  c o n c e n t r a t o r  o p e r -  
u c t u r e  mass i s  e x p e c t e d  t o  
The S o l a r  Dynamic power module i s  based on  a 
s o l i d  t e c h n o l o g i c a l  h e r i t a g e  a t  b o t h  the  sys tem and 
component l e v e l s .  for t h e  C l o s e d  B r a y t o n  C y c l e  
(CEC) Power C o n v e r s i o n  U n i t  ( P C U ) .  t h e  t e c b n o l o g y  t o  
b u i l d  t h i s  e n g i n e  e x i s t s .  A 10.5 kW B r a y t o n  power 
c o n v e r s i o n  sys tem was d e v e l o p e d  by  A i r R e s e a r c h  under  
t h e  management o f  NASA Lewis  Research C e n t e r  i n  the  
1 9 6 0 ' s  and 1 9 7 0 ' s .  S e v e r a l  s e t s  o f  hardware  were 
produced and t e s t e d  [31 .  These i n c l u d e d  BRU's,  h e a t  
e x c h a n g e r s ,  c o n t r o l s .  a c c u m u l a t o r s ,  e t c .  These 
ERU's have a p h y s i c a l  s i z e ,  t u r b i n e  i n l e t  tempera- 
t u r e  (1600 " f )  and s h a f t  speed ( 3 6  000 rpm) r o u g h l y  
comparab le  to t h e  c u r r e n t  d e s i g n  o f  t h e  C8C S o l a r  
Dynamic power modu le  f o r  Freedom. The jame t y p e  of 
w o r k i n g  f l u i d ,  a m i x t u r e  o f  He and X e  gases ,  was 
a l s o  used.  Two BRU's w e r e  s u c c e s s f u l l y  o p e r a t e d  for 
41 000 and 1 1  000 h r  each w i t h  n o  f a i l u r e s  o r  p h y s i -  
c a l  d e g r a d a t i o n .  I n  f a c t ,  13 600 h r  o f  c o n t i n u o u s  
o p e r a t i o n  was a c h i e v e d  on  one o f  t h e  u n i t s  w i t h o u t  
any f a i l u r e s ,  ma in tenance or s i g n s  o f  'wear or e v c . ? s -  
s i v e  c r e e p .  On a component b a s i s ,  t h e  F r e e d c a  T U  
uses t u r b i n e ,  compressor  and a l t e r n a t o r  d e s i g n  c m -  
c e p t s  t h e  same as t h o s e  d e v e l o p e d  p r e v i o u s l y .  A i r -  
c r a f t  A u x i l i a r y  Power U n i t s  ( A P U ' s )  have endured 
o v e r  200 m i l l i o n  u n i t - h o u r s  w i t h  o v e r  200 m i l l i o n  
s t a r t / s t o p  c y c l e s  w i t h  t u r b i n e  and comDre jsor  
d e s i g n s  t h a t  a r e  s i m i l a r .  Gas f o i l  b e a r i n g s  i n  t h e  
f reedom CBC r o t a t i n g  m a c h i n e r y  d e s i g n  a r e  Jf t h e  
same d e s i g n  and s i z e  as t h o s e  used i n  t h e  DC-10 
e n v i r o n m e n t a l  c o n t r o l  c o o l i n g  t u r b i n e s  ( o v e r  100 
m i l l i o n  u n i t - h o u r s  o f  o p e r a t i o n  and 71 000 s t a r t /  
s t o p  c y c l e s  b e f o r e  r e p l a c e m e n t ) .  Because o f  t h e  
e x p e r i e n c e  i n  B r a y t o n  deve lopment ,  e v t e n s i v e  g o v e r n -  
ment and i n d u s t r y  e x p e r i e n c e  i n  r e l a t e d  a i r c r a f t  
components,  and c o n s e r v a t i v e  d e s i g n ,  ex t reme c o n f i -  
dence e x i s t s  i n  t h e  c a p a b i l i t y  o f  p r o d u c i n g  a space 
a u a l i f i e d  PCU. 
The r a d i a t o r  i s  a n o t h e r  m a j o r  assembly  f o r  
w h i c h  t h e  t e c h n o l o g y  base e x i s t s  fo r  t h e  SD power 
modu le .  S i n g l e  phase,  pumped l i q u i d  r a d i a t o r s  have 
been p r e v i o u s l y  f l o w n  aboard  A p o l l o  and S k y l a b  and 
a r e  now i n  use  on  t h e  S h u t t l e  [ 4 1 .  The SD r a d i a t o r ,  
w h i c h  uses a d h e s i v e l y  bonded honeycomb c o n s t r u c t i o n  
t e c h n i q u e s ,  t a k e s  advantage of t h e  c u r r e n t  s t a t e - o f -  
t h e - a r t  f a b r i c a t i o n  methods w h i c h  a r e  d e m o n s t r a t e d  
by  t h e  Space S h u t t l e  O r b i t e r ' s  l a r g e  s i n g l e  phase 
pumped l o o p  r a d i a t o r s  mounted on  t h e  c a r g o  bay  
d o o r s .  I n  a d d i t i o n ,  t h e  SO r a d i a t o r  uses an i n t e -  
g r a t e d  a u t o m a t i c  dep loyment  mechanism and s u p p o r t  
s t r u c t u r e  w h i c h  has a l s o  been used i n  o r b i t .  The 
S k y l a b  A p o l l o  T e l e s c o p e  Mount ( A T M )  s o l a r  a r r a y s  
were s u c c e s s f u l l y  d e p l o y e d  u s i n g  t h e  same b a s i c  con- 
c e p t  t h a t  SO w i l l  use  ( i . e . ,  a s c i s s o r s  arm w i t h  
c a b l e  a c t u a t o r ) .  The SO power module u i l 1  i n c o r p o -  
r a t e  a l l  t h e  s u c c e s s f u l  r a d i a t o r  t e c h n o l o g i e s  demon- 
s t r a t e d  p r e v i o u s l y .  B u i l d i n g  on  t h i s  tec ' lno logy  
p r o v i d e s  a low r i s k  and low c o s t  approach t o  p r o d u c -  
i n g  a f l i g h t  q u a l i f i e d  r a d i a t o r .  
For t h e  o t h e r  two a s s e m b l i e s ,  t h e  r e c e i v e r  
and c o n c e n t r a t o r ,  a s t r o n g  base has been d e v e l o p e d  
s i n c e  1984 w i t h  t h e  i n f u s i o n  o f  o v e r  20 m i l l i o n  
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d o l l a r s  o f  NASA Advanced Development,  C o n t r a c t o r  
I n t e r n a l  Research and Development,  and NASA Sup- 
p o r t i n g  Development Resources. For t h e  r e c e i v e r  
assembly,  a s t r o n g  t e c h n o l o g y  base i n v o l v i n g  t h e r -  
mal s t o r a g e  m a t e r i a l s  compat i  b i  1 i ty .  ' m e c h a n i c a l  
s t r e n g t h ,  t h e r m a l  e n e r g y  s t o r a g e  p e r f o r m a n c e ,  and 
r e c e i v e r  t h e r m a l  per fo rmance has been deve loped.  
Over SO00 h r  of exposure  o f  t h e  t h e r m a l  s t o r a g e  
c o n t a i n m e n t  m a t e r i a l s  t o  t h e  LiF-CaF2 s a l t  show 
n e g l i g i b l e  c o r r o s i o n .  E x t e n s i v e  t e s t i n g  a t  NASA 
Lewis  and a t  c o n t r a c t o r s  has shown t h a t  t h e  t h e r m a l  
p e r f o r m a n c e  i s  c o m p l e t e l y  v e r i f i a b l e  b y  ground t e s t -  
i n g  and a n a l y s i s  ( i . e . .  n o  f l i g h t  t e s t  i s  r e q u i r e d ) .  
A l s o ,  t e s t s  c o n d u c t e d  b y  A l l i e d - S i g n a l  w i th  a s i n g l e  
t u b e  segment of t h e  r e c e i v e r  has v e r i f i e d  t h e  opera-  
t i o n  o f  t h e  b a s e l i n e  t h e r m a l  e n e r g y  s t o r a g e  c o n f i g u -  
r a t i o n .  F i n a l l y ,  a f u l l - s c a l e  advanced deve lopment  
r e c e i v e r  for  a 25 kW SD sys tem i s  b e i n g  b u i l t  a t  t h e  
B o e i n g  Aerospace C o r p o r a t i o n  and w i l l  be t e s t e d  d u r -  
i n g  t h e  summer o f  1989. Rocketdyne,  meanwhi le,  has 
c o m p l e t e d  an i m p r e s s i v e  sys tem d e m o n s t r a t i o n  t e s t  a t  
t h e i r  S a n t a  Susanna t e s t  s i t e  i n  w h i c h  a r e c e i v e r  
u n i t  w i t h  i n t e g r a l  t h e r m a l  e n e r g y  s t o r a g e ,  was 
mounted on  a Vanguard s o l a r  c o n c e n t r a t o r  and suc- 
c e s s f u l l y  d e m o n s t r a t e d  e s s e n t i a l l y  u n i f o r m  r e c e i v e r  
t h e r m a l / s t o r a g e  c a p a b i l i t y .  
Key accompl ishments  have been r e a l i z e d  i n  con- 
c e n t r a t o r  r e f l e c t i v e  and p r o t e c t i v e  c o a t i n g s ,  o p t i -  
c a l  c h a r a c t e r i z a t i o n ,  and s t r u c t u r a l  r i g i d i t y .  The 
H a r r i s  c o r p o r a t i o n ,  NASA Lewis ,  and 3M have demon- 
s t r a t e d  t h e  r e f l e c t i v e  c a p a b i l i t y  o f  t h e  i n d i v i d u a l  
f a c e t s  and t h e  r e s i s t a n c e  o f  p r o t e c t i v e  c o a t i n g s  t o  
a t o m i c  oxygen. I n  a d d i t i o n ,  a f u l l  s c a l e  concen- 
t r a t o r  ( 1 9  p a n e l s )  has r e c e n t l y  been f a b r i c a t e d  b y  
t h e  H a r r i s  Corp .  S u c c e s s f u l  assembly and r e p e a t a -  
b i l i t y  t e s t s  were c o m p l e t e d  r e c e n t l y .  The concen- 
t r a t o r  i s  now a t  NASA Lewis  for  a s e r i e s  Of 
o p t i c a l  t e s t s .  
I n  c o n c l u s i o n ,  a s t r o n g  t e c h n o l o g y  base e x i s t s  
for t h e  deve lopment  o f  t h e  S o l a r  Dynamic power mod- 
u l e  sys tem.  
ON-ORBIT ASSEMBLY 
On-o rb i t  assembly of t h e  SD modules w i l l  be 
a c c o m p l i s h e d  u s i n g  assembly equ ipment  d e v e l o p e d  for  
t h e  b a s e l i n e  phase o f  t h e  Space S t a t i o n  Freedom 
Program (SSFP). I n  a d d i t i o n ,  assembly o f  t h e  SD 
modules w i l l  employ many o f  t h e  t e c h n i q u e s  d e v e l -  
oped and p e r f o r m e d  o n - o r b i t  d u r i n g  t h e  b a s e l i n e  
phase,  such as t h o s e  r e q u i r e d  for P h o t o v o l t a i c  
(PV) module assembly .  The assembly c o n c e p t s  for  
e i t h e r  phase, however,  w i l l  r e q u i r e  e x t e n s i v e  t e s t -  
i n g  and e v a l u a t i o n  as SSFP hardware  m a t u r e s .  
t e x t  be low p r o v i d e s  a b r i e f  o v e r v i e w  o f  t h e  SD mod- 
u l e  assembly  c o n c e p t .  
M o b i l e  S e r v i c i n g  C e n t e r  (MSC) f o r  t r a n s p o r t i n g  
equ ipment  to  t h e  assembly  a r e a  o u t b o a r d  t h e  a l p h a  
g i m b a l  and p o s i t i o n i n g  components for  i n s t a l l a t i o n .  
The MSC w i l l  a l s o  s e r v e  as a work p l a t f o r m  fo r  t h e  
E x t r a v e h i c u l a r  A c t i v i t y  (EVA)  r e q u i r e d  fo r  SD mod- 
u l e  assembly.  D e t a i l s  a b o u t  t h e  MSC a r e  p r o v i d e d  
i n  Ref.  5 .  The A s t r o n a u t  P o s i t i o n i n g  System (APS) 
a t t a c h e d  t o  t h e  M o b i l e  T r a n s p o r t e r  (MT)  on  t h e  MSC 
w i l l  p o s i t i o n  t h e  EVA crew to  make s t r u c t u r a l  and 
The 
Assembly of t h e  SD modules w i l l  r e l y  on  t h e  
u t i l i t y  c o n n e c t i o n s  a f t e r  SD module components have 
been p o s i t i o n e d  by  t h e  Space S t a t i o n  Remote Manipu- 
l a t o r  System (SSRMS). F i g u r e  12 d e p i c t s  t h e  neces- 
s a r y  assembly equ ipment  and t h e  SO module components 
as t h e y  would be l o c a t e d  on  t h e  MSC. 
REMJTE MANIPULATOR 
SYSTL'I (SSRRS)  
POSITION1 NG 
SYSTEY 
TRUSS 
FIGURE 12. - K S  ACCWWODATES STOWAGE OF SD PlOWLE CWONENTS FOR 
TRANSPORT TO ASSEHBLY S ITE.  
T r a n s f e r r i n g  SD module components from t h e  
O r b i t e r  p a y l o a d  bay to t h e  MSC. and t r a n s p o r t i n g  
t h o s e  components t o  t h e  assembly s i t e ,  w i l l  be con- 
t r o l l e d  by t h e  man-based I n t r a v e h i c u l a r  A c t i v i t y  
( I V A )  crew u s i n g  t h e  S h u t t l e  Remote M a n i p u l a t o r  
System (SRMS) .  t h e  SSRMS, and a t e l e r o b o t i c  sys tem 
such as the S p e c i a l  Purpose D e x t r o u s  M a n i p u l a t o r  
(SPDM) or F l i g h t  T e l e r o b o t i c  S e r v i c e r  ( F T S )  o p e r a t -  
i n g  from t h e  end o f  t h e  SSRMS. 
The EVA c r e w  (two crewmen) w i l l  t r a n s l a t e  t o  
t h e  MSC u s i n g  t h e  Crew and Equipment T r a n s l a t i o n  
A i d  (CETA) and i n g r e s s  t h e  foot r e s t r a i n t s  o n  t h e  
APS. The EVA c rew w i l l  e r e c t  s i x  t r u s s  bays and 
i n s t a l l  u t i l i t y  t r a y s  as d e p i c t e d  i n  F i g .  12.  The 
t r u s s  assembly method i s  based on  t h e  L a n g l e y  
Research  C e n t e r  M o b i l e  T r a n s p o r t e r  c o n c e p t  w h i c h  
has been t e s t e d  under  n e u t r a l  buoyancy c o n d i t i o n s  
C61. 
The SSRMS w i l l  be used t o  r e t r i e v e  from t h e  
MSC. and p o s i t i o n  fo r  i n s t a l l a t i o n ,  each m a i n  
component. The b e t a  g imba l  i s  i n s t a l l e d  f i r s t  
( F i g .  1 3 ( a ) ) ,  f o l l o w e d  b y  t h e  R e c e i v e r l R a d i a t o r  
Assembly, and t h e n  t h e  g imba l  r i n g  ( F i g .  1 3 ( b ) ) .  
The s t r u c t u r a l  and u t i l i t y  c o n n e c t i o n s  for  each 
component w i l l  be per fo rmed by  t h e  EVA crew o n  t h e  
APS. 
EVA c rew and t e l e o p e r a t e d  systems i s  s i m i l a r  t o  
The b a s i c  p a r t i t i o n i n g  o f  f u n c t i o n s  between 
7 
(a) Beta Gimbal 
Installation 
7 (a) Panels Assembled into 
Concentrator 
(b) Receiver and Gimbal Ring 
(c) Concentrator 
Support Structure 
FIGURE 13. - ASSENBLY OF BETA GINBAL. RECEIVER. GlflBAL 
RING AND CONCENTRATOR SUPPORT STRUCTURE. 
t h a t  d e s c r i b e d  e l s e w h e r e  f o r  assembly o f  a s u b m i l -  
l ime te r .  a s t r o n o m i c a l  l a b o r a t o r y  C71. To assemble 
t h e  c o n c e n t r a t o r  s u p p o r t  s t r u c t u r e ,  one crewman 
w i l l  be p o s i t i o n e d  b y  t h e  SSRMS u s i n g  a M a n i p u l a -  
to r  F o o t  R e s t r a i n t  ( M F R )  w h i l e  t h e  o t h e r  w i l l  
r e m a i n  o n  t h e  APS ( F i g .  1 3 ( c ) ) .  The r a d i a t o r  will 
be d e p l o y e d  m a n u a l l y  b y  t h e  EVA c rew u s i n g  an EVA 
t o r q u e  t o o l .  
Fo r  c o n c z n t r a t o r  assemb ly ,  t h e  EVA c rew t w i l l  
be p o s i t i o n e d  o n  t h e  APS as shown i n  F i g .  1 4 ( a ) .  
A g r a p p l e  f i x t u r e  w i l l  be  mounted on t h e  back s i d e  
( n o n r e f l e c t i v e  s u r f a c e )  of t h e  c e n t r a l  hexagona l  
p a n e l  and g r a p p l e d  b y  t h e  SSRMS. Each a d d i t i o n a l  
pane l  w i l l  be r a i s e d  from t h e  c o n c e n t r a t o r  con- 
t a i n e r  by  t h e  EVA c rew and l a t c h e d  t o  t h e  p a n e l  
aDove. The w r i s t  j o i n t  of t h e  SSRMS w i l l  r o t a t e  
f o l l o w i n g  t h e  l a t c h i n g  of each p a n e l  to p r o v i d e  
c l e a r a n c e  and p r e p a r e  f o r  t h e  l a t c h i n g  o f  t h e  n e x t  
p a n e l .  Once assembly o f  t h e  C o n c e n t r a t o r  i s  com- 
p l e t e  i t  will be p l a c e d  on t h e  c o n c e n t r a t o r  sup- 
p o r t  s t r u c t u r e  b y  t h e  SSRMS ( F i g .  1 4 ( b ) ) .  The 
o o e r a t i o n s  w i  1 1  be  p l a n n e d  t o  a v o i d  p o s i t i o n i n g  
t h e  c o n c e n t r a t o r  on-sun u n t i l  t h e  i n i t i a t i o n  o f  
s t a r t  up p r o c e d u r e s .  
, 
FIGURE 14. - CONCENTRATOR ASSEMBLY. 
CONCLUDING REMARKS 
A d e s i g n  for  a S o l a r  Dynamic power module t h a t  
meets a l l  of t h e  Der formance r e q u i r e m e n t s  =or o o e r -  
a t i n g  on o r b i t  as a power s o u r c e  o n  Freedom has 
been p r e s e n t e a .  Assembly of t h e  mcau le  2n ' I f b i t  
w i l l  i n c o r p o r a t e  methods and p r o c e d u r e s  t o  be  d e v e l -  
oped fo r  o t h e r  Freedom e lemen ts  - n o  u n i q u e  e q u i p -  
ment  w i l l  be needed. The t e c h n o l o g y  base for SD 
deve lopmen t  a n d  p r o d u c t i o n  has been shown t o  e v i s t  
a t  b o t h  t h e  s y s t e m  and component l e v e l s .  
We have c l e a r l y  i n d i c a t e d  t h e  reasons  for  add- 
i n g  SD power- t o  Freedom. The t remendous l i f e  c y c l e  
c o s t  s a v i n g s ,  i n  c o n j u n c t i o n  w i t h  t h e  advantAge o f  
h a v i n g  a h y b r i d  or a l t e r n a t e  power- s o u r c ?  j u s t  i n  
case  some anomaly w i t h  PV o c c u r s ,  a r e  a t t r a c t i v e  
r e a s o n s  for  p u r s u i n g  deve lopmen t  o f  SD power for  
Freedom. 
I n  summary, t h e  SD module d e s i g n  meets t h e  
r e q u i r e m e n t s  of t h e  Freedom Program, t h e  t e c h n o l -  
ogy base e x i s t s  and t h e  e x i s t i n g  p rog ram i s  p r e p a r -  
i n g  Freedom f o r  g r o w t h  w i t h  SD. 
now i s  when t o  grow beyond 7 5  kW. 
The o n l y  q u e s t i o n  
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5. Abstract 
Studies have shown that use of solar dynamic (SD) power for the growth eras of the Space Station Freedom 
program will result in life cycle cost savings of $3 to $4 billion when compared to power supplied by photovoltaic 
sources. In the SD power module, a concentrator collects and focuses solar energy into a heat receiver which has 
integral thermal energy storage. A power conversion unit (PCU) based on the closed Brayton thermodynamic 
cycle removes thermal energy from the receiver and converts that energy to electrical energy. Since the closed 
Brayton cycle is a single phase gas cycle, the conversion hardware (heat exchangers, turbine, compressor, etc.) 
can be designed for operation in low earth orbit, and tested with confidence in test facilities on earth before 
launch into space. The concentrator subassemblies will be aligned and the receiver/PCU/radiator combination 
completely assembled and charged with gas and cooling liquid on earth before launch to, and assembly on orbit. 
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